In this paper, a discrete model representing the pulse-tissue interaction in the medical ultrasound scanning and imaging process is developed. The model is based on discretizing the acoustical wave equation and is in terms of convolution between the input ultrasound pulses and the tissue mass density variation. Such a model can provide a useful means for ultrasound echo signal processing and imaging.
INTRODUCTION
Ultrasound is one of the most utilized diagnostic imaging modalities in medicine due to its noninvasiveness, portability, low cost, safety and real-timeness. However, medical ultrasound images still suffer from speckles and artifacts which give rise to difficulties in the clinical analysis and diagnosis. The interference from the backscattered signals and inappropriate processing of the backscattered signals can be the main causes of the speckles and artifacts.
1 And a substantial improvement of the quality of ultrasound images requires deep understanding and appropriate modelling of the essential characteristics of ultrasound echo signals and interactions between the ultrasound pulses with the tissue.
The research on modelling ultrasound echo signals has been active in the past years. A systematic formulation of the ultrasound echo signal based on linear system theory and ultrasound acoustics was presented. 2, 3 It was in the form of a convolution model and later extended to account for the effects of the frequency dependent attenuation, 4 the transducer geometry and excitation, 5 the nonlinear acoustical effects 6 and the pulse-echo electromechanical characteristics. 7 Moreover, the noise contained in the tissue signal was investigated and modelled in. 8 Based on the convolution model, techniques, such as PSF estimation, frequency domain deconvolution and filtering, were developed 9-11 for ultrasound echo signal processing and imaging.
In the 2-dimensional (2-D) case, the classical convolution model 2, 3 has three independent variables: the spatial variables x and y and the time t. The model represents the tissue physical information in terms of the mass density and compressibility. In the existing research on applications of the convolution model to ultrasound imaging, the model was first discretized into a 2-D convolution model with two independent discrete variables m and n and subsequently transformed into the frequency domain. While this processing enabled the conventional frequency domain filtering methods, such as Wiener filtering and cepstrum seperation, being applied, it obscured the explicit physical and geometrical information contained in the original convolution model. The 2-D frequency domain representation also limited the accuracy in representing the original convolution model which is essentially dependent on the spacial varying parameters of the tissue mass density and compressibility.
In this paper, we develop a computable model for the deconvolution and processing of ultrasound radio frequency (RF) echo signals which is based on direct discretization of the convolution model. 2, 3 The proposed model explicitly represents the physical and geometrical tissue information contained in the RF echo signal. And its time and spacial domain representation of the RF echo signal enables direct applications of the modern system identification methods to the deconvolution and image construction. This paper presents the model in two spatial dimensions and the result can be extended to three spacial dimensions.
The paper is organized as follows. Section 2 introduces the classical ultrasound convolution model. Section 3 presents necessary processing of the classical convolution model taking into account the relationship between different parameters of tissue properties and practical constraints. In Section 4, the proposed discrete model is formulated, which is followed by Section 5 on results of experiments and verification of the proposed model. Section 6 concludes the paper.
CLASSICAL MODEL OF ULTRASOUND RF ECHO SIGNALS
The classical convolution model 2, 3 of ultrasound RF echo signals with Born approximation in the two spatial dimensions is well known and written as
where p s (x, y, t) is the ultrasound echo signal in terms of pressure located at (x, y) at the time t; (x 0 , y 0 ) is the location of ultrasound receiver; X 1 , Y 1 are the integrating ranges in the x and y axes, respectively, as sown in Figure 1 . In the ultrasound propagation plain,ρ(x, y) is the mass density variation function of the tissue;c(x, y) is the speed variation function of wave propagation; ν(t) is the particle velocity on the surface of ultrasound receiver; t (xy) 10
is the time for ultrasound waves to propagate from (x 1 , y 1 ) to (x 0 , y 0 ); ρ 0 and c 0 are the average mass density of the tissue and average propagation speed of ultrasound waves, respectively. Based on the model, the objective of the ultrasound imaging is to extract the tissue parametersρ(x, y) and c(x, y) from the echo signal p s (x 0 , y 0 , t) and use them to form the image.
MODEL SIMPLIFICATION
In the convolution model (1), two tissue properties, mass-density perturbationρ(x, y) and ultrasound propagation speed variationc(x, y), are to be dealt with. In theoretical acoustics, the spacial mass density function ρ(x, y) and 
For some typical soft tissue of clinical interest and under the assumption of small variation range, the compressibility function can be linearized as
Thus, with (2) and (3) c(x, y) ≈ 1
With c(x, y) = c 0 +c(x, y) and ρ(x, y) = ρ 0 +ρ(x, y), where c 0 and ρ 0 are the average propagation speed of ultrasound waves and average mass density of the tissue, we may use Tailor series expansion at ρ 0 to further simplify the relationship between c(x, y) and ρ(x, y) and the result is
where
When c 0 = 1540m/s and ρ 0 = 641.1450kg/m 3 (phantom's specifications),
With (5), the received scattered pressure in (1) becomes
It is shown in (8) that the echo signal p s (x, y, t) in (1) is simplified into a function of the tissue mass density variationρ(x, y) and the input pulse signal ν(t). Thus, with the measurement of the input ultrasound pulse ν(t) and the echo pressure signal p s (x 0 , y 0 , t), (8) provides a parameterized model for identification of the tissue mass density variationρ(x, y). The estimate ofρ(x, y) can be directly used for the image formation.
MODEL DISCRETIZATION
To obtain a feasible and computable model for identifying the tissue mass density variationρ(x, y), the model (8) developed in Sec.3 is discretized. Introduce the discetized variables of (x, y, t) as
where D x , D y and D t are discretization operations, T x , T y and T t are sampling intervals and n x , n y and n t are indices in x, y and t directions, respectively, Let D = D x D y D t be the composite discretization operation of D x , D y and D t such that the discretization of a function f c (·) with respect to continuous variables (x, y, t) yields
Further introduce the discretized derivative functions of f c (x, y, t) as
where z t is the shift operator on n t . And the shift operators z x and z y , on n x and n y respectively, can be similarly defined. It follows that the discretization of the gradient operation, with respect to (x, y), is
Applying these discretization operations to the scattered pressure p s (x 0 , y 0 , t) in (8) yields its discretized signal p sd (n x0 , n y0 , n t ), which is written as
10 )
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is the discretized value of t (xy) 10 . It is shown in equation (15) that the discretized ultrasound echo signal model is in the form of a 4th order linear dynamical system with the pulse ν(n t ) as the input andρ d (n x , n y ) as the system parameter. This provides a feasible and computable means for identification of the tissue mass density variationρ(n x , n y ) based on the measurement of the input pulse and the echo pressure signals.
EXPERIMENTS AND MODEL VERIFICATION
Experiments have been conducted to obtain real ultrasound measurement data from the scanning of experimental phantoms. The obtained experimental data are used to compare with the numerical simulation results of the developed ultrasound echo signal model (15), thus to verify the effectiveness and accuracy of the developed model. In the experiment, the RF echo signals from Contrast Resolution Phantom, ATS Model 532 are collected with Sonix RP, Ultrasonix which is a functional ultrasound scanner designed for research purposes.
So far we have conducted the model verification experiment for the simplified one-dimension (1-D) case, with the dimension of the 2-D discretized model (15) being reduced to one spatial dimension.
The Contrast Resolution Phantom, ATS Model 532, and its corresponding ultrasound envelop-detected image are shown in Figure 2 . In order to test the proposed 1-D discrete ultrasound signal model, the middle line of the first phantom hole from the right with the greatest contrast are selected, which is indicated in the dashed line inside the ellipse of Figure 2 . On the selected line, the mass density variation occurs at the two boundaries between the hole and surrounding media. Thus, correspondingly measured 1-D echo signals are signified by the two boundaries.
To test and verify the developed discrete echo signal model in the 1-D case, we assign the mass density variation on the selected line of the experimental phantom to the simplified 1-D model and specified the input to the model with that of the experimental input pulse to the phantom. 
CONCLUSION
In this paper, based on the classical ultrasound convolution model and the relationship between two tissue properties, a parameterized and computable model of ultrasound echo signal is presented. Its main advantage, in comparison with the existing convolution model in the frequency domain, is that the developed model is in the linear dynamical system form in the spatial domain with an explicit parameter of the tissue mass density variation. This will enable well known system identification methods to be applied to the ultrasound imaging via computing the tissue mass density variation from the measurement of the ultrasound input pulse and echo signals. We have conducted experiment and simulation to verify the developed model for the 1-D case and will continue the work to further develop and verify high dimensional echo signal models.
